In this work, vacuum distillation experiments of Zn-Al-Fe alloy were performed. A method for predicting the in nite dilute activities in the Zn-Fe system was examined. The activities of components of the Zn-Al-Fe system were calculated based on the Wilson equation. Vacuum distillation of Zn-Al-Fe alloy was discussed based on the experimental investigations of the distillation temperature, the holding time and the thickness of the raw materials mixture by response surface methodology. The results showed that there were remarkable in uences of the distillation temperature, holding time and little in uence of the thickness of the raw materials mixture on vacuum distillation. The zinc in ZnAl-Fe alloy were effectively recovered at 800 C-850 C for 60 min-75 min. This work aims to investigate the vacuum distillation of Zn-Al-Fe alloy to optimize the process for high zinc recovery. After vacuum distillation, the direct yield and volatilization rate for zinc were 99.8% and 99.79% when the distillation temperature was 800 C, and the soaking time was 75 min. The calculations and experimental results demonstrated that this method can guide the vacuum distillation of Zn-Al-Fe alloy based on the Wilson equation.
Introduction
Hot dip galvanizing is the most common and effective process for steel corrosion prevention. Hot dip galvanized steel sheet has excellent corrosion resistance, low cost, high quality surface and other important properties, and is widely used in the light industry, home appliances, and automobile and construction industries. With the rapid development of the automobile industry, the demand for hot dip galvanized steel sheet has seen continued growth. Increasing numbers of large iron and steel enterprises have taken on the research and development of hot dip galvanized steel sheet as an important development strategy 1) . Hot galvanizing slag consists of aluminum and iron, which dissolves in liquid zinc under high temperature conditions. Essentially, hot galvanizing slag consists of intermetallic compounds of Fe-Zn, Fe-Al and Zn-Al-Fe systems. Under the process conditions of continuous hot galvanizing, liquid zinc will always be iron saturated. Adding zinc ingot will absorb large amounts of heat and transfer a large amount of aluminum to the zinc pot because of segregation, reducing the solubility of iron and aluminum in the liquid zinc. Therefore, the separation of intermetallic compounds of Fe-Zn system, Fe-Al system and Zn-Al-Fe system by the liquid zinc is unavoidable 2) . Satisfying the requirements of industry has made the extraction of zinc and aluminum from primary mineral resources dif cult. Hot dip galvanizing slag contains a large amount of zinc and aluminum, which will cause signi cant waste and pollution to the environment if the hot dip galvanizing slag is directly abandoned. Therefore, it is necessary to recover the hot galvanizing slag.
There are many problems associated with the traditional method of alloy separation, including long process times, high energy consumption, low yield and poor economic bene t 3) . Vacuum distillation is a new type of metallurgy method, which is performed in a closed container that is clean and highly ef cient. Vacuum distillation has been widely used in the separation of alloys and the re ning of crude metals. Kunming University of Science and Technology has been engaged in small scale, expanded and industrialized experiments of alloy separation for many years and has achieved good results in those experiments 4, 5) . However, there are fewer studies on the theoretical basis, thus further work is needed.
Activity is an important parameter in the metallurgical process that can guide the experiment 6) . However, it is very dif cult to experimentally measure activity because of the high temperature detection. Therefore, it is very important to predict the thermodynamic properties of the solution by using a theoretical or semi empirical mathematical model. 
Theoretical Basis

In nite dilute activity
The in nite dilution activity coef cient is a numerical characteristic of a real solution and an important piece of information in solution theory that represents the largest nonideal condition of the solution as well as the behavior of solute molecules completely surrounded by solvent molecules. In the actual metallurgical production process, the measure of in nite dilute activity coef cients is both time and cost intensive, which is meaningless among a large quantity of alloy systems and high temperature production processes. At this time, the prediction model is a good method.
Ying 13) presents a method to calculate the in nite dilute activity coef cient as follows:
(1)
Using eqs. (1) and (2), the in nite dilute activity coefcient can be easily calculated as long as the corresponding function of the two elements can be obtained. Through a few experimental measurements of activity coef cients of two components at a certain temperature, function α of the two elements can be calculated. Then, it will calculate an arbitrary temperature and contents of the two elements by using the Wilson Equation.
Saturated vapor pressure
The principle of vacuum distillation to separate two components of a metal is the difference between their saturated vapor pressures. The greater the saturated vapor pressure, the easier the metal will volatilize. At the same time, the component with the smaller saturated vapor pressure will remain in the liquid phase. Thus, the greater the difference in saturated vapor pressures, the greater the separation efciency of the two components 14) . The saturated vapor pressures can be calculated by the following formula:
where A, B, C and D indicate the volatilization constants. The volatilization constants of zinc, aluminum and iron are listed in Table 1 .
The saturated vapor pressures of zinc, aluminum and iron at different temperatures are calculated separately in Table 2 below.
According to the data in Table 2 , the relation curves of saturated vapor pressure and temperature of zinc, aluminum and iron are shown in Fig. 1 .
Under the control of certain temperature and vacuum conditions, the greater the saturation vapor pressure, the more volatile the component. The smaller the saturation vapor pressure, the more the component remains in the liquid phase. From Fig. 1 , the saturated vapor pressure of each component increases with increasing temperature. The saturated vapor pressure of zinc is far greater than those of aluminum and iron, which suggests that under suitable conditions, zinc can be very easily volatilized into the gas phase. Therefore, zinc can be easily separated.
The Wilson Equation
In 1964, Wilson put forward the Wilson Equation for describing the excess Gibbs free energy of a non-electrolyte solution, which was based on the Flory-Huggins Equation.
There are strong and weak interactions between the molecules in solution, thus the local concentration of each component is not equal to the average concentration of any molecule in the solution. Based on the above assumptions, Wilson rst brought forward the concept of local molecular fraction, which is the ratio of the number of coordination molecule, j, around the central molecule, i, to the total number of central molecules and coordination molecules around the central molecule. This coordination number is con ned to the rst coordination layer. Based on the MaxwellBoltzmann distribution, the correlations between the local molecular fraction and the Boltzmann factor can be obtained by the analogy of the odds ratio, x ij /x jj and x ji /x ii .
The excess Gibbs free energy of the multicomponent solution can be expressed as:
Equation (4) is the Wilson Equation, where A ij is an adjusting parameter (A ii = A jj ).
For a binary alloy system, i and j, the activity coef cients of components i and j can be described as follows: 
The adjusting parameters A ij and A ji can be described as follows:
Then, activity coef cients can be calculated using the Newton-Raphson method.
Experimental Procedure
The Zn-Al-Fe alloy sample used for the experiments was obtained from a factory in China. The material and sample information are summarized in Table 3 . The experiment was performed in the vacuum furnace in Fig. 2 at the National Engineering Laboratory of vacuum metallurgy, Kunming University of Science and Technology. The working pressure range for the vacuum furnace is 1 Pa to atmospheric pressure, and the working temperature range is from ambient temperature to approximately 1800 C. The vacuum furnace adopts a silicon-controlled transformer to control the temperature and measures the residual vapor pressure by a standard McLeod vacuum gauge. The temperature detection system consists of Pt-100 probes, which connect to a digital temperature meter (ANTHONE LU-900M) and predicts temperatures to 0.01 C. The residual vapor pressure can be measured by placing the sample in a graphite crucible in the constant temperature zone of the vacuum furnace after accurate weighing and drying treatment. The silicon-controlled transformer was regulated when the vacuum degree of the vacuum furnace met the experimental requirements. The vacuum furnace was heated to the preset temperature, and then the heat preservation treatment was performed in the vacuum furnace. After the treatment, the power was turned off. When the temperature was below 100 C, turned on the furnace to remove residues and condensate, which were weighed and tested. The direct yield and volatilization rate were calculated by the following formulas:
where x i is the content of i in raw material, x i is the content of i in residual, x i is the content of i in the volatile, m is the weight of the feeding materials, m is the weight of the residual, and m is the weight of the volatile. According to the characteristics and properties of hot galvanizing slag combined with industrial tests, this research adopts the experimental design software Design-Expert 8.0.6 experimental design (BBD) to study the in uencing factors, including the interaction in the distillation process, distillation temperature and time and the quality of the raw materials, on the re ning of Zn-Al-Fe alloy. The distillation temperature was 600 C to 1000 C, the soaking time was 15 min to 75 min, and the material quantity was 40 g to 80 g, for performing the vacuum distillation experiment by the response surface method. The experimental design results are shown in Table 4 .
The values of the element content and element yield were selected as the response surface. In this paper, we studied the repeatability and random error, and provide additional freedom for error estimation. The experiment was repeated 5 times to ensure the accuracy of the experimental results.
The relationship between the factors and the results is shown in eq. (11): Fig. 1 The change curve of saturated vapor pressure and temperature of zinc, aluminum and iron. 
where Y is the response quantity; K is the number of factors; β 0 is a constant term; β i is a linear coef cient; β ii is the two-order coef cient; β ij is the coef cient of interaction; and X 1 , X 2 , and X 3 represent the experimental factors.
Results and Discussion
The graphite crucible was used in the experiment, so the graphite was doped when the material was collected. However, the chemical analysis method was used in the experiment, so nonmetals like graphite would not have an impact on the experimental results.
In nite dilute activity prediction
The author calculated in nite dilute activity coef cients of a variety of binary alloy systems (Table 5 ) using eqs. (1) and (2) with a few activity coef cients of two components at a certain temperature 15) , where γ The average relative deviation of the in nite dilute activity coef cients of components i and j are so low that it can forecast the in nite dilute activity coef cients of the Zn-Fe system. Partial activity coef cients and predicted values of in nite dilute activity coef cients of the Zn-Fe system are shown in Table 6 .
The Wilson Equation
The Wilson parameters for Zn-Al, Al-Fe and Zn-Fe binary systems are listed in Table 7 . For the Zn-Al-Fe ternary system, the activity coef cients of any component can be calculate by using eqs. (4) and (5), which mostly require only binary parameters for the three constituent binaries. With the Wilson Equation, using binary data only, Zn-Al-Fe ternary system parameters can be calculated by substituting the corresponding γ Zn , γ A , γ Fe , T, P, P * Zn , P * Al , and P * Fe at different temperatures with simple thermodynamic formula. Binary system in nite activity coef cients are the most important parameter in the Wilson Equation. By predicting the in nite activity coef cient of Zn-Fe system and inquiring other parameters, such as the in nite activity coef cients of Zn-Al Table 5 Experimental and predicted values of in nite dilute activity coef cients of varieties of binary alloy systems. and Al-Fe systems, the vapor composition and the equilibrium temperature can be predicted on the basis of liquid-residue composition of the Zn-Al-Fe ternary system by the Wilson Equation, as shown in Fig. 3 . Point a is the component of raw materials, points b through e are some experimental data, which are shown in Table 8 . Additionally, points b through e are liquid phase points, whereas the points that collect in the lower right corner are the vapor phase points. From the above-calculated results, point b is clearly close to phase equilibrium, which can be broken by extending the distillation temperature and soaking time. Although this method could inevitably introduce certain errors during calculation and experiment, points d and e have shown satisfying experimental results for vacuum distillation.
The effect of factors
The experimental results of the vacuum distillation with contents of zinc, aluminum, and iron in residuum (liquid phase) and volatiles (vapor phase) are listed in Table 9 .
The effect of factors on the direct yield of zinc
As shown in Fig. 4 , the Zn-Al-Fe alloy was under a distillation temperature 600 C to 1000 C, soaking time of 15 to 75 min, and feeding materials of 60 g. The effect of these factors on the direct yield of zinc was examined.
As shown in Fig. 4 , the saturated vapor pressure of zinc increases gradually with increasing temperature, which made the direct yield of zinc gradually increase. With the increased of temperature, the direct yield of zinc increased sharply. When the temperature was 600 C and the soaking time was 75 min, the direct yield of zinc was approximately 67.278%. When the temperature was 800 C and the soaking time was 75 min, the direct yield of zinc was approximately 99.8%. This was because the large amount of zinc volatilized in gas phase. With further increased of temperature, the direct yield of zinc fell slowly, and when the temperature was 1000 C and the soaking time was 75 min, the direct yields of tin was 94.57%. This is because when the temperature is higher than 800 C, other impurities also evaporated into the gas phase. Prolonged the distillation time can also improve the direct yield of zinc. When the distillation temperature and soaking time were above 800 C and 70 min, respectively, the direct yield of zinc was no longer rising. 4.3.2 The effect of factors on the volatilization rate of zinc As shown in Fig. 5 , the volatilization rate of zinc in- creased gradually with increase soaking time and distillation temperature because more zinc evaporated with increasing temperature and time, which gradually increases the volatilization rate of zinc. The volatilization rate of elemental zinc increased from 15.99% to 99.79% under the experimental conditions. When the temperature was 800 C and the soaking time was 75 min, the volatilization rate of zinc was approximately 99.79%. With further increased of temperature, the direct yield of zinc was at or even falling, and when the temperature was 1000 C and the soaking time was 75 min, the volatilization rate of zinc was 98.4%. This is because some of the zinc returned to the liquid phase during the long cooling time. When the distillation temperature and soaking time were above 800 C and 70 min, respectively, the volatilization rate of zinc stopped increasing which was same as the direct yield.
4.3.3
The effect of factors on the content of aluminum in the liquid phase As shown in Fig. 6 , the content of aluminum increased gradually with increasing soaking time and distillation temperature. With the increased of temperature and the extension of time, the zinc in the Zn-Al-Fe alloy essentially evaporated, leaving most of the aluminum and iron, thus the content of aluminum increased. The content of aluminum correlates strongly with the distillation temperature. When the distillation temperature and soaking time were above 800 C and 70 min, respectively, the aluminum content in the residue no longer increased. When the temperature was 800 C and the soaking time was 75 min, the aluminum content in the residue was approximately 95.23 mass%. The aluminum from these residues can be recycled in other ways.
The effect of factors on the content of iron in liq-
uid phase As shown in Fig. 7 , the content of iron increased gradually with increasing soaking time and distillation temperature. However, the iron content changed only slightly from 2.07 mass% to 6.02 mass% because of the low content of iron in the raw materials despite the volatilization of zinc.
Conclusion
According to the theoretical analysis, such as pure material boiling point and saturated vapor pressure of pure substances, arsenic volatile went into the gas phase in the vacuum distillation process, and aluminum was enriched in the liquid phase. The prediction of in nite dilute activity coefcients of a binary system can make the distillation process more ef cient. The Wilson Equation was used to calculate the experimental phase equilibrium data. The phase equilibrium can be broken by extending the distillation temperature and soaking time. The puri cation experiment showed that the zinc in Zn-Al-Fe alloy were effectively recovered at 800 C-850 C for 60 min-75 min. These results indicated Fig. 5 The effect of factors on the volatilization rate of zinc. Fig. 6 The effect of factors on the content of aluminum in liquid phase. Fig. 7 The effect of factors on the content of iron in liquid phase. that the calculation method of phase equilibrium was reliable for the process of vacuum distillation of alloys by comparing the experimental data and the phase equilibrium diagrams. This calculation could help control the conditions of the vacuum distillation of Zn-Al-Fe alloy to achieve separation as well as provide an ef cient and convenient method to guide the process of vacuum metallurgy.
